1. Introduction {#sec1}
===============

Molecular glasses and crystals, often obtained at low temperatures by cooling organic substances from their liquid state, are of great interest for physics and chemistry. In particular, they usually exhibit polymorphism and a rich phase diagram.^[@ref1]−[@ref3]^

Among them, 1,1,1,2-tetrafluoroethane (F~3~C--CFH~2~), which is a hydrofluorocarbon (HFC) type of freon known as Freon 134a, is particularly interesting given its practical applications. 1,1,1,2-tetrafluoroethane is nowadays widely used for domestic and industrial refrigeration systems, as well as air conditioning systems, liquid refrigeration systems, and heat pumps. Although the physical properties of tetrafluoroethane in the gas phase have been studied with some detail,^[@ref4]−[@ref7]^ its thermophysical and optical characteristics in the condensed state at low temperatures have seldom been studied.^[@ref8],[@ref9]^

On the other hand, tetrachloromethane or carbon tetrachloride (CCl~4~) is a tetrahedral molecule, which has an interesting phase diagram as many other small-molecule organic materials. The phase diagram of CCl~4~ has been investigated thoroughly in the low-temperature range. Tetrachloromethane is reported to form several solid phases^[@ref10]−[@ref15]^ just below room temperature, and it finally freezes into a stable monoclinic crystal at 225 K. Given its nearly spherical structure, it is not surprising that CCl~4~ is a bad glass former.^[@ref16]^ Nevertheless, Haida et al.^[@ref16]^ reported for the first time the glass formation of tetrachloromethane after vapor deposition of CCl~4~ at a substrate temperature of 20 K. Furthermore, highly stable glasses of CCl~4~ have been recently obtained by physical vapor deposition (PVD).^[@ref17]^ It is to be stressed that CCl~4~ has been the first reported ultrastable glass, which has been obtained from a substance with a nearly isotropic molecular structure, whereas it had been previously suggested that molecular anisotropy is a prerequisite for highly stable glass formation,^[@ref18]^ although amorphous CH~4~ was made and reported one year earlier.^[@ref3]^

Nevertheless, the stable monoclinic crystal of CCl~4~ has also been found to exhibit glassy relaxational dynamics^[@ref19],[@ref20]^ and even glassy features in its thermal properties at low temperatures.^[@ref21]^

In the present work, we have prepared amorphous thin films of both molecular solids mentioned above (F~3~C--CFH~2~ and CCl~4~) by employing a cryovacuum condensation technique. Then, their refractive indices as a function of the deposition temperature have been studied by means of a two-beam laser interferometer in the temperature range of 16--130 K, thus including the main structural transformation temperatures.^[@ref8],[@ref22]^ The different numbers of translational and rotational degrees of freedom per molecule corresponding to their different solid phases will reflect on the value of the refractive index of these cryocondensates.

In [Section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}, the experimental technique of cryovacuum condensation that we employ for obtaining the amorphous thin films of these molecular (bad glass former) solids and the experimental method used to determine the refractive index at any fixed deposition temperature are described. In [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}, the measurements of the refractive index of both Freon 134a and tetrachloromethane are shown and discussed. Our conclusions are presented in [Section [3](#sec3){ref-type="other"}](#sec3){ref-type="other"}.

2. Results and Discussion {#sec2}
=========================

Depending on both the temperature of its deposition and the subsequent thermal history,^[@ref8],[@ref9]^ Freon 134a cryofilms can exist in various states. Specifically, thin films of Freon 134a obtained by direct cryocondensation at *T* = 16 K from the gas phase have been observed to undergo multiple structural transformations of different natures in the temperature range from 70 to 90 K. In particular, a typical glass transition from a structural glass state (amorphous solid) to a supercooled liquid (SCL) state is observed. The glass transition temperature is found to occur approximately at *T*~g~ = 72 K. Then, in the temperature range from 75 to 78 K the SCL remains metastable. Increasing the temperature up to about *T* = 78 K, the SCL begins to crystallize into an orientationally disordered crystal, also known as "orientational glass" (OG). At a temperature of *T*~trans~ = 80 K, a second glass-like transition from the OG state to a rotationally disordered plastic crystal (PC) occurs. Finally, within 83--85 K, a plastic crystal--monoclinic crystal phase transition takes place.^[@ref8]^

By employing different condensation temperatures, the analysis of the correspondingly obtained samples allows to determine the temperature ranges for the formation of different states of 1,1,1,2-tetrafluoroethane (Freon 134a). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows data evidencing the influence of the condensation temperature at which the cryofilm is deposited on its refractive index for Freon 134a. Refractive index data were determined at the same temperature of the corresponding condensation process. As can be observed, in the condensation temperature ranging from 16 to 50 K, there is a gradual increase in the refractive index with the increasing condensation temperature, which has also been observed in other substances.^[@ref23]−[@ref25]^ The influence of the degree of porosity of the samples on the value of the refractive index is considered to be as the main reason for this behavior. The value of the refractive index in our studies varies from *n* = 1.17 at *T* = 16 K to *n* = 1.36 at *T* = 90 K.

![Refractive index as a function of condensation temperature for Freon 134a cryovacuum-condensated thin films. Deposition pressure was always (1.3--1.4) × 10^--5^ Torr except the point labelled as 4 × 10^--5^ Torr.](ao0c00969_0001){#fig1}

Thus, the following temperature ranges can be determined for stable molecular states of Freon 134a obtained as thin films at a given condensation pressure. When the deposition temperature is above *T* = 80 K, a monoclinic crystal is obtained. At 80 K, varying the condensation rate (condensation pressure) leads to different values of the refractive index *n*. So, at a condensation pressure of 4 × 10^--5^ Torr, *n* = 1.33, and at (1.3--1.4) × 10^--5^ Torr, *n* = 1.36. When the deposition temperature lies between 60 and 80 K, a plastic crystal within the fcc lattice, with rotating molecules at the lattice points, is obtained. When the deposition temperature is below *T* = 55 K, one obtains an amorphous phase, as previously shown.^[@ref8],[@ref9]^

Therefore, a continuous increase in the refractive index is observed in the temperature range of the amorphous state from 16 to 50 K. Then, at temperatures below the glass transition temperature but above 50 K, a sharp change in the refractive index is observed, similar to what was observed for ethanol, methane, and nitrous oxide^[@ref23],[@ref24]^ followed by another step at the monoclinic crystallization above 80 K.

In the future, we aim to compare the thermodynamic parameters of glass transition and the stability of Freon 134a (CF~3~--CFH~2~, asymmetric isomer) with those for Freon 134 (1,1,2,2-tetrafluoroethane, symmetric isomer) cryovacuum condensates so that one can obtain information on the influence of the structure of these molecules on cryofilm formation and the properties of the resulting states.

A different approach to the problem can be adopted for small molecules, attempting to ascertain the extent to which the size of a molecule can influence the nature of cryoprecipitation from the gas phase, bearing in mind both the fundamental possibility of the formation of glassy states and the properties of those presumably formed glasses. A model substance to address this matter is tetrachloromethane CCl~4~. In the rather limited bibliography devoted to CCl~4~ cryodeposition, there are different points of view regarding the parameters of glass transformation. The first reported production of tetrachloromethane in the glassy state by the method of gas phase cryocondensation was that by Haida et al.^[@ref16]^ Using the calorimetric method, the glass transition temperature of an amorphous tetrachloromethane film condensed at *T* = 20 K was determined. This temperature value was approximately equal to *T*~g~ = 61 K. The year before, Lesikar,^[@ref26]^ based on indirect data, suggested a value in the vicinity of *T*~g~ = 130 K as the temperature of the glass transition for tetrachloromethane. However, later and more accurate measurements questioned both of these values. Ediger,^[@ref18]^ by using a differential calorimeter, investigated a 400 nm-thick tetrachloromethane film formed during condensation from the gas phase at a pressure of *P* = 10^--6^ Pa (7.5 × 10^--8^ Torr) on a substrate at a temperature of *T* = 10 K. Based on the obtained dependence of the sample heat capacity on the heating temperature, the value of the transition temperature from the glass state to the supercooled liquid state was determined to be *T*~g~ = 78 K. The significant discrepancy between this value and that from Haida et al. could be explained by the possible uncertainty of the measurement technique and methods employed in those years, as well as the possible presence of impurities in the sample.

With this in mind, we carried out studies on the formation and structural transformations of cryovacuum condensates of tetrachloromethane under conditions similar to those implemented in the references.^[@ref16],[@ref17]^ The reason for such studies is that calorimetric research methods are integral with respect to the degrees of freedom of the CCl~4~ molecule, while IR spectrometry studies can provide information about individual vibrations of the tetrachloromethane molecule and their reactions to thermally stimulated transformations in the samples under study. These data will help draw conclusions about the state of the film at different condensation temperatures.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows data about the effect of condensation temperature on the refractive index of cryovacuum condensates of carbon tetrachloride. As can be seen, in the condensation temperature range from 16 to 50 K, an increase in the refractive index is observed with the increasing condensation temperature. The value of the refractive index in our studies varies from the value of *n* = 1.35 at *T* = 16 K to *n* = 1.65 at *T* = 130 K. Out of the six substances studied by us earlier, carbon tetrachloride exhibits the highest refractive index for the corresponding condensation temperatures.

![Refractive index as a function of condensation temperature for CCl~4~ cryovacuum-condensated thin films. Deposition pressure was always (1.3--1.4) × 10^--5^ Torr except the point labelled as 2 × 10^--5^ Torr.](ao0c00969_0002){#fig2}

The obtained data at various condensation temperatures allow us to determine the temperature ranges for the formation of the different states of carbon tetrachloride. We assume, therefore, that at a condensation temperature of *T* = 16 K, tetrachloromethane condenses to an amorphous state. The upper temperature limit for the achievement of this amorphous state is determined to be approximately at *T* = 38 K. At the same time, the condensation of a film at a temperature *T* = 35 K does not lead to the formation of an amorphous state.

In brief, when the deposition temperature is above *T* = 80 K, the usual monoclinic crystal of CCl~4~ is obtained. When the deposition temperature ranges between 50 and 80 K, an amorphous structure consisting of orientationally disordered crystallites with varying degrees of ordering is obtained. Only when the deposition temperature lies below *T* = 45 K can the genuine amorphous state be achieved.

As can be seen from the data for CCl~4~ at 80 K, the effect of the condensation rate is also significant, as in the case of Freon 134a above. At a condensation pressure of 2 × 10^--5^ Torr, *n* = 1.56, and at (1.3--1.4) × 10^--5^ Torr, *n* = 1.62.

3. Conclusions {#sec3}
==============

The experimental technique of cryovacuum condensation has long been revealed as a very useful tool for preparing and studying films of solids (generally amorphous) at low temperatures made from molecules of the chosen substance in the gaseous state. Some structural, optical, or thermal properties of these amorphous solids can then be studied as a function of varying conditions of the physical vapor deposition. For instance, one can monitor the influence of the condensated molecular structure and of the employed deposition rate on several possible phase transitions or structural transformations observed when increasing the temperature.^[@ref27]^

This work has been devoted to assess the effect of deposition temperature on the refractive index of cryocondensed films of molecular materials that exist in different solid phases at low temperatures. The materials studied, 1,1,1,2-tetrafluoroethane (Freon 134a) and carbon tetrachloride, exhibit several solid phase transitions, leading to a change in the number of molecular degrees of freedom. In contrast to other preparation techniques, by cryovacuum condensation, we have been able to obtain and measure both substances in their different stable and metastable states, including the amorphous state, despite both of them being very bad glass formers.

4. Experimental Techniques and Materials {#sec4}
========================================

The main unit of the experimental setup (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) is a high vacuum chamber, which routinely operates at 10^--8^--10^--6^ Torr, by continuous evacuation with a turbomolecular pump Turbo-V-301 backed with a dry scroll vacuum pump SH-110. Pressure measurement is conducted using a converter FRG-700 with an AGC-100 controller.

![Experimental setup for cryovacuum condensation: (1) vacuum chamber, (2) vacuum pump Turbo-V-301, (3) vacuum gate valve CFF-100, (4) pressure detector FRG-700, (5) Gifford-McMahon refrigerator, (6) substrate, (7) photo multiplier and laser interferometer, (8) light source and optical channel, (9) IR spectrometer, and (10) supply system.](ao0c00969_0003){#fig3}

A copper substrate covered with a planar silver film is used. This substrate with a diameter of 60 mm is put in thermal contact with a closed-cycle helium Gifford--McMahon refrigerator and placed inside a vacuum chamber. The double-stage cooling system cooled the substrate to 12 K. A resistor heater is connected to the end of the second stage. By the work of the refrigerator, the temperature can be varied in the range 12--200 K. The temperature is monitored by a TS 670-1.4 silicon diode connected to a M335/20 temperature controller, which kept the temperature constant to within 0.5 K.

By using a special protective shield (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), we ensure that all the injected gas is deposited on the substrate when the pumping of the vacuum chamber is stopped. By using a metal cylinder (13) and shield (14), we can isolate the substrate (6) and all cold elements of the microcryogenic device from the main volume of the vacuum chamber.

![Experimental setup for laser-beam patterning during cryovacuum condensation: (6) substrate, (11) photo multiplier, (12) laser, (1) vacuum chamber, (13) metal cylinder, and (14) shield. Number labelling follows that of Figure 3.](ao0c00969_0004){#fig4}

This isolation is not vacuum tight, but at operating pressures of 10^--5^ -10^--6^ Torr, it is effective due to the fact that the mean free path of molecules at these pressures is larger by several orders of magnitude than the distance between the protection shield and the substrate. Therefore, during our experiments, all the gas is deposited on the substrate when the pumping line is closed.

The experimental setup for laser-beam patterning during cryovacuum condensation is depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The laser light is divided into two beams, and through optical drives (7, 11, and 12), both beams converge in the center of the substrate. After reflection, the signal from the laser enters the two photoelectric multipliers P25a-SS-0-100 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Interference curves for each laser beam during the deposition of 1,1,1,2-tetrafluoroethane (top) and tetrachloromethane (down). α~1~ = 1^0^, α~2~ = 45^0^ .](ao0c00969_0005){#fig5}

The thickness *d* of the deposited film and its refractive index *n* were measured by using two interference patterns ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) generated by a diode laser and two photomultiplier tubes. Measurements were performed at a frequency of 100 Hz, which makes it possible to determine the period of oscillation to within ±0.05 s.^[@ref23],[@ref24]^

For calculation of the refractive index, we use the following equationwhere *t*~1~ and *t*~2~ stand for the corresponding periods, and α*~1~* = 1 ± 0.1^0^ and α*~2~* = 45 ± 0.5^0^ are the angles of incidence of the laser beams.

Measurements of the dependence of the refractive indices on the deposition temperature were carried out using the experimental setup depicted in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}. The experiments were performed in the temperature range of 16--130 K, thus including the structural transformations of the studied materials. In this work, the experiments were performed at the same deposition pressure *P* = 1.3 × 10^--5^ Torr, except for a few complementary experiments, and the same sample thickness for each condensation temperature. The laser wavelength was (406 ± 0.5) nm. Refractive index measurements were carried out using a two-beam laser interferometer. Each point in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} is the result average of two to three measurements. The total measurement error of the refractive index was estimated to be no more than 1.5%.

It should be noted that each point representing the value of the refractive index in the diagrams below ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}) corresponds to a separate experiment conducted at a given condensation temperature. After the completion of each experiment, the experimental setup was again prepared for a new experimental cycle.
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